ABSTRACT: Phytoplankton species composition and seasonal changes were investigated monthly in Lake Guiers, one of the largest lakes in West Africa. Taxonomic composition, diversity, biovolume and abundance of phytoplankton were studied at 3 representative stations from March 2002 to March 2003, in relation to various climatic factors (wind, insolation), physical and chemical factors (temperature, conductivity, nutrients) and biological factors (zooplankton grazing). A total of 111 species of phytoplankton belonging to 7 algal classes were identified, predominately Chlorophyceae (32% of species) followed by Cyanobacteria (25%) and Bacillariophyceae (diatoms, 15%). From December to March, a period characterised by low temperature, solar insolation and north-easterly winds that mixed the water column, the community was dominated by the diatom Fragilaria sp. and cyanobacterium Anabeana miniata. From April to September, during higher temperatures, solar insolation and predominant north-westerly winds that mixed the water column less effectively, the community was dominated by cyanobacteria Cylindrospermopsis raciborskii and Lyngbya versicolor. A statistical approach based on co-inertia analysis was used to describe the phytoplankton/ environment relationships, in particular the factors governing the presence of C. raciborskii. The phytoplankton community was characterised by a clear succession of species groups: Fragilaria sp.-A. miniata (November to March) → → Microcystis aeruginosa (March to May) → → C. raciborskii-L. versicolor (June to November). Finally, a functional approach originally designed for temperate zones was applied to the algal groups (11 functional groups), which gave valuable information on algal strategies in a shallow tropical lake.
INTRODUCTION
Natural (lakes) and artificial (reservoirs) bodies of water in the tropics are ecosystems in which environmental characteristics and biological features are strongly influenced by extra flow when rivers flood intermittently with periodic drying out (Thornton et al. 1990 ). During their annual development, phytoplankton communities pass through several distinct successions, with predominant species, abundant species and rare species coexisting (Salmaso 2003) . Most phytoplankton species are competitors for the same limited resources of their environment, principally light and nutrients. According to Sommer (1989) , the annual variation of predominant species can be predicted, even though the taxa that dominate communities will depend upon complex factors such as retention time, nutrient load and grazing pressure. However, it is clear that there are many ecological processes, such as competition and/or commensalism for a nutrient or the pressure exerted by one or many predators, acting simultaneously within a community in a particular habitat or space. Cyanobacteria are more abundant than other classes of algae in most shallow tropical lakes, and are often competitors under conditions of high turbidity (Padisák 1997) .
Algal successions in tropical aquatic systems are generally characterised by a sharp contrast between the 2 main seasons (dry/wet-flood season): cyanobacteria/diatoms in Lake Victoria (Lung'ayia et al. 2000) , cyanobacteria/chlorophytes-chroococcales in Lake Tanganyika (Descy et al. 2005 ) and cyanobacteria/ diatoms-chlorophytes-chroococcales in many reservoirs in north-east Brazil (Bouvy et al. 2000 . According to Salmaso (2003) , temporal changes in phytoplankton composition can represent a complex environmental gradient driving annual succession; thus, environmental variables may act jointly as a complex forcing factor that selects seasonal groups of species sharing similar requirements. In a given environment and for each season, the species association linked to an ecotype can be formed by a consortium of different genotypes with different biochemical and/or physiological properties . Reynolds et al. (2002) and Huszar et al. (2003) considered that a functional approach, based on morphological-ecological properties, can be used as a quantitative method to describe community structure and changes. This concept appears to be a useful and appropriate tool that can improve our understanding of the impact of major environmental engineering works aiming to mitigate the effects of eutrophication on the phytoplankton community of an aquatic system subjected to anthropogenic pressure, such as in Lake Rodó, Uruguay .
In Senegal, Lake Guiers, one of the largest in West Africa, is fed by the Senegal River and is an important source of drinking water for several cities, Dakar in particular. Several multidisciplinary studies of Lake Guiers and its surrounding areas have shown the lake to be subject to growing eutrophication, especially in the central zone where the pumping station (N'Gnith) is located (Cogels et al. 2001 , Varis & Fraboulet-Jussila 2002 , Berger et al. 2006 . Irrigated sugar cane plantations in the north zone of the lake, with various micro pollutant inputs and waste water discharge, have a fundamental impact on its ecosystem (Cogels et al. 2001) , and hydrodynamic management of the Senegal river (based on 2 dams constructed between 1985 and 1987) has made it possible to stabilise the water level in the lake and avoid seawater incursions (Cogels et al. 2001) . One direct consequence of the various environmental engineering works and increasing level of eutrophication has been a shift in the phytoplankton community, especially in the cyanobacteria, from which 8 potentially toxic species including Cylindrospermopsis raciborskii have been identified (Cogels et al. 2001) . The presence of C. raciborskii in a drinking water reservoir is worrying for many reasons, e.g. its invasive character (Padisák 1997 , Bouvy et al. 2000 , its potential toxicity with a wide range of toxins (Humpage et al. 1994) , and the significant changes that it can induce in the structure of other plankton components (Bouvy et al. 2001 , Leonard & Paerl 2005 .
In order to demonstrate the influence of environmental factors on the composition and succession of phytoplankton species on Lake Guiers, a survey using monthly sampling from March 2002 to March 2003 was conducted at 3 representative stations in the central zone of the lake. The objectives of this study were to (1) describe the phytoplankton community (composition, diversity, biovolume, abundance), (2) identify the succession of species assemblages using a statistical correlation between their occurrence and the changing environment, and (3) apply the functional scheme outlined by Reynolds et al. (2002) designed for temperate zones to the algal strategies observed in tropical Lake Guiers.
MATERIALS AND METHODS
Study area. Lake Guiers is the largest lake in Senegal (15°10' N, 16°08' W), with a mean surface area of 300 km 2 and a volume of 600 × 10 6 m 3 . The region is characterised by a sahelian climate with a short rainy season from July to September with irregular precipitation. Annual rainfall is generally between 200 and 250 mm. A dam was built in 1985 at Diama, 27 km upstream of Saint Louis, to stop seawater flowing up the Senegal River (Fig. 1) . A second dam was built in 1987 for hydroelectric power, 1000 km upstream on the Bafing River at Manantali, Mali. This dam controls part of the Senegal River flow (Albergel et al. 1993) . Two hydrological periods can now be distinguished: (1) a filling period between August and October with inflow from the Senegal River into the lake, and (2) a stable period of 9 mo with little interaction between the river and the lake (Cogels & Gac 1993) .
Sampling and analyses. Samples were collected monthly from March 2002 to March 2003 at 3 representative stations in the central zone, near N'Gnith village, where the pumping station for the drinkingwater facility is located (Fig. 1) . Stn 1 was located in the central channel of the lake (close to 3 m depth), Stn 2 in an embayment (close to 2 m depth), and Stn 3 inside the dense aquatic vegetation of rooted semisubmerged macrophytes, mainly the southern cattail Typhae domingensis (close to 1 m depth). Wind direction and speed were recorded hourly using a Davis weather station installed on the N'Gnith wharf. Total irradiation was measured hourly using a Li-Cor 200SB pyranometer. A total of 13 collections based on 2 depths were performed during the annual cycle. Sampling was conducted around noon using a PVC tube (3.5 cm diameter, 2 m length) with 2 separate compartments immersed vertically to obtain an integrated sample of the water column: at 0 to 1.5 m and 1.5 to 2 m for the deeper Stns 1 and 2, and at 0 to 0.5 m and 0.5 to 1 m for the shallower Stn 3. Water from each compartment ('surface' and 'bottom') was then stored in 1.5 l polycarbonate bottles. Water transparency was assessed using a 30 cm Secchi disk. The euphotic depth was estimated from values obtained on vertical profiles using a Li-Cor 193 spherical quantum sensor. Vertical profiles of temperature, in vivo fluorescence, conductivity and dissolved oxygen were recorded using a Sea Bird CTD recorder (SBE 19) . pH was measured with a WTM 320/SET pH-meter. Samples for dissolved inorganic nutrient determination (NO 3 -N, NH 4 -N, PO 4 -P) were filtered using Whatman GF/F fibreglass filters, stored at -20°C and analysed using the method of Strickland & Parsons (1972) . Alkalinity was measured by titration (Gran 1952) . Turbidity was estimated by seston weights determined after filtration through preweighed Whatman GF/F filters, dried at 105°C for 48 h and reweighed. Zooplankton were sampled with cylindro-conical nets (30 cm diameter aperture, 80 cm height, 60 µm mesh size). The net was laid on the bottom and hauled in 1 min later. Samples were preserved in buffered formaldehyde at 5% concentration. Organisms were counted in the whole sample or in v/v sub-samples taken using wide bore piston pipettes (0.5 to 5 ml) and including at least 300 individuals.
Water samples for chl a analysis were filtered through Whatman GF/F filters and stored in liquid nitrogen. Chl a concentrations were determined by methanol extraction and fluorometry (Yentsch & Menzel 1963) . For phytoplankton counts, 50 ml of water was placed in a polyethylene bottle and fixed immediately with Lugol's iodine solution. Organisms were identified using an inverted microscope and counted following the Utermöhl (1958) method (5 to 10 ml sedimented volume, 48 h sedimentation time) in random fields. For dominant taxa, at least 400 cells were counted. Phytoplankton species were identified using tables published by Lauterborn (1915) , Skuja (1956) , Grön-blad et al. (1958) , Couté & Rousselin (1975) , Komárek & Anagnostidis (1989) and Compere (1991) . Cell volume was estimated for each species using the measured dimensions and geometric forms that closely matched cell morphology (Smayda 1978 , Sun & Liu 2003 ; biovolume was expressed in mm 3 l -1
. Species richness was expressed as the number of taxa per sample. Diversity was estimated using the Shannon-Wiener diversity index (Shannon & Weaver 1963 ) based on abundance data. Data processing. Relationships between environmental and biological variables were studied using multivariate analysis. Principal component analysis (centred PCA) was performed for each of the 2 data sets: an environmental table based on 17 variables, and a biological table based on 19 variables. Results of these PCAs were associated using co-inertia analysis (CIA), which can be used to process 2 tables with different numbers of factors (Dolédec & Chessel 1994) . Two sets of factor scores are obtained for the sampling points: scores of the rows 'seen by the environmental variables' and scores of the rows 'seen by the biological variables'. The significance of the CIA was tested after randomisation of the results by a repeated random permutation of the rows of both tables and comparison with results obtained by PCA. The resulting distribution of 2000 replicated matches of 2 arrays gave an estimated significance of p < 0.001. Data processing was performed using ADE-4 software (Thioulouse et al. 1997) .
Statistical analyses. Differences among results for phytoplankton and zooplankton species at different sampling dates and stations were tested using ANOVA, followed by a Bonferroni test when the differences were significant. All data were transformed [x → log(x + 1)]. Differences were considered as significant when p < 0.05.
RESULTS

Environmental conditions
North winds predominated during the survey (84% of occurrence), blowing from north-northwest (NNW maritime trade winds, 25% from May to November) and from north-northeast (NNE continental trade winds, 66% from December to February) (Fig. 2) ) were recorded in November and December. The water temperature was high throughout the survey, with an average value of 26.2°C at 0.5 m (Fig. 2) ). pH and alkalinity showed the same seasonal pattern, with highest values recorded in October-November.
Sub-surface water was slightly under-saturated in dissolved oxygen (close to 90%) at Stns 1 and 2, with very similar values recorded near the bottom. However, at Stn 3 inside the Typhae domingensis zone, a marked difference was observed down the water column with much lower dissolved oxygen values near the bottom (close to 20% saturation in January 2003), but no anoxic conditions were observed during the survey. Mean Secchi depths ranged between 68 and 70 cm and high values were recorded in July (94 cm at Stn 1). Euphotic depth was between 2 and 3 m (mean 2.3 m), and therefore the whole water column was favourable for the growth of algae. No statistically significant difference in water transparency was observed among the 3 stations (ANOVA; p = 0.966). Seston weights revealed a marked seasonal cycle, associated with wind-induced particle resuspension. Low values were recorded at all stations from June to September; in contrast, from January to March when NNE winds prevailed, high values were recorded at Stn 1 and low values were recorded at Stn 3 (the latter was sheltered from the wind by macrophytes). Ammonium was the major form of dissolved inorganic nitrogen (DIN), with low mean concentrations of 9.8, 7.4 and 6.3 µg ). Mean orthophosphate (SRP) concentrations ranged between 3.8 µg PO 4 -P l -1 at Stn 2 and 6.1 PO 4 -P l -1 at Stn 1, with low values recorded between April and June, coinciding with NNW winds that are less favourable to sediment resuspension. For both N and P, no significant difference in concentration was observed between the 2 depths sampled throughout the survey (ANOVA; p > 0.5).
Phytoplankton community
There was no statistically significant differences in phytoplankton abundance among stations (ANOVA; p = 0.903) or sampled depths (ANOVA; p = 0.899). A total of 111 species of phytoplankton belonging to 7 algal classes were identified during the survey. The Chlorophyceae were the most diverse with 32% of total species, followed by the Cyanobacteria (25%), the Bacillariophyceae (15%) and the Zygnematophyceae (15%). The Euglenophyceae and Xanthophyceae represented 8 and 4% of total species, respectively. The Dinophyceae was the least diversified class with 1% of total species. The classes represented 17 families and 49 genera. Most of the abundance was represented by only 3 of the 7 classes: the Bacillariophyceae, the Cyanobacteria and the Chlorophyceae. No significant differences in abundance per class were recorded either among stations or between sample depths (ANOVA; p = 1). Although the Chlorophyceae was the largest class in terms of number of species, this class represented only 7 to 8% of total abundance at the 3 stations over the survey. The Bacillariophyceae and Cyanobacteria constituted the bulk of phytoplankton abundance. At Stn 1, there were slightly more Bacillariophyceae than Cyanobacteria (47 and 41% of total abundance, respectively), whereas the opposite was noted at Stn 2 (43 and 46% respectively). At Stn 3, these 2 classes were in equal proportions (45%).
Among the 111 species identified, only 17 represented more than 1% of total abundance (Table 1) . Of these species, 3 were prominent throughout the survey: the diatom Fragilaria sp., which was detected in 85% of samples and contributed a maximum of 74% to total phytoplankton abundance, and 2 cyanobacteria (Cylindrospermopsis raciborskii and Lyngbya versicolor), which were detected in all samples and contributed a maximum of 64% to total phytoplankton abundance. No significant differences in their abundance and biovolume were observed among stations or between sampled depths (ANOVA; p > 0.400). However, each species exhibited a marked annual cycle in terms of abundance and biovolume (ANOVA, Bonferroni; p = 0.001). C. raciborskii showed the highest values between July and October (maximum abundance of 1.75 × 10 7 trichomes l -1 and maximum biovolume of 8.41 mm 3 l -1 ), and low values between December and March (Fig. 4) . L. versicolor exhibited the same annual patterns of abundance and biovolume as recorded for C. raciborskii. Means, however, were lower, with maximum abundance of 9.91 × 10 6 trichomes l -1
and maximum biovolume of 3.58 mm 3 l -1 (Fig. 4) . ). From April to September, the abundance and biovolume were lower, with a remarkable absence of this diatom observed in July-August at Stn 2 (Fig. 4) .
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Some of the 'secondary species' exhibited high frequencies (between 54 and 92%) at least once in various samples to represent more than 5% of total abundance: the cyanobacteria (Table 1 ).
Significant differences in Shannon-Wiener's diversity index were recorded between depths (ANOVA, Bonferroni; p = 0.045) but not among stations (ANOVA; p = 0.884). The diversity index showed a marked cycle, with high values observed between April and September (2.03 to 2.11 bits cell -1 ) when Cylindrospermopsis raciborskii and Lyngbya versicolor were predominant (Fig. 5) . Chl a concentrations ranged between 25.9 and 69.9 µg l -1 , with a seasonal pattern close to that observed for total algal abundance and biovolume, except that the highest value (70 µg l 
Co-inertia analysis (CIA)
The 2 PCAs on environmental and biological variables were performed on the whole data set (13 sampling dates, 17 environmental parameters, 18 biological variables; Table 2 ). The first 2 eigenvalues of the CIA accounted for more than 80% of total variability (89.8% for Stn 1, 86.8% for Stn 2, and 80.7% for Stn 3). Therefore, the analysis concentrated on the 2 first components. The values of the variances of environmental and biological tables projected onto the axes (F1, F2) of the CIA were close to the values of variables of these tables projected onto the same axes of the PCA. For example, for Stn 1, the factorial plane of the CIA for the biological table accounted for 54.3% of variance, and the factorial plane for the environmental table accounted for 61.1% of variance. Hence, the CIA was able to demonstrate a co-structure between the 2 data sets.
In the environmental system for Stns 1 and 2 (open water), the first axis (F1) showed an association between temperature, irradiance, conductivity, euphotic depth and Secchi depth, which were opposed to NE wind, chl a, turbidity and dissolved oxygen (Fig. 6A) . The second axis (F2) was less informative, showing an opposition between alkalinity and depth. It is important to note the low contribution of dissolved nutrients in the factorial plane. For Stn 3, located inside the macrophyte stand, turbidity was not a significant variable, whereas dissolved nutrients (ammonium and phosphate) were opposed to dissolved oxygen, alkalinity and pH (Fig. 6A) . The second axis showed a strong association between station depth, in vivo fluorescence and chl a.
In the biological system (Fig. 6B) , the first axis (F1) showed a strong opposition between the diatom Fragilaria sp. (Fra) (associated with total phytoplankton abundance and biomass) and the 2 prominent cyanobacteria Cylindrospermopsis raciborskii (Cyl) and Lyngbya versicolor (Lyn). These relationships were less marked at Stn 3. Moreover, Fragilaria sp. was also in opposition to species richness and ShannonWiener's diversity index, especially at Stns 2 and 3. Fragilaria sp. was always associated with the non-predominant cyanobacterium Anabaena miniata (Ana). The cyanobacterium Microcystis aeruginosa (Mic) was isolated in the factorial plane, generally opposed to alkalinity and pH. Some secondary species represented by the chlorophyceae Monoraphidium circinalis (Mon; data not shown) and 2 species of Tetraedron (Tet) showed strong associations in the environment system with C. raciborskii. On the contrary, the 3 colonial species of the cyanobacteria genus Chroococcus (Chr) showed no relationships with other algal species. The 3 major groups of zooplankton (rotifers, copepods, cladocerans) were strongly associated with each other, and were linked with the prominent cyanobacteria C. raciborskii and L. versicolor while being in opposition to Fragilaria sp. These associations were less strong at Stn 3.
Finally, the centroid positions of each sample at the 3 stations exhibited a remarkable seasonal pattern over the whole data set (Fig. 6) . A clear spatial and seasonal pattern was observed among the predominant species, with optimal growth conditions for Cylindrospermopsis raciborskii (Cyl) and Lyngbya versicolor (Lyn) between April and July-August at the 3 stations, and optimal conditions for Fragilaria sp. (Fra) between December and March.
DISCUSSION
Analysis of the phytoplankton community in Lake Guiers between March 2002 and March 2003 reveals some similarities and some differences with the situation observed prior to the construction of Diama Dam on the Senegal River in 1985. Dia & Reynauld (1982) and only a few species of cyanobacteria in Lake Guiers. The dam stabilised the water level in the lake and prevented seawater flowing up the Upper Senegal River valley. The subsequent hydrodynamic and hydrologic changes have induced marked modifications in the abiotic and biotic components of the ecosystem (Cogels et al. 2001) : (1) a decrease in conductivity from 500 (North zone) to 4000 µS cm -1 (South zone) before the dam construction to a mean of 181 µS cm -1 during our survey, and (2) an increase in chl a concentrations from an average of 25 µg l -1 before the dam (Dia & Reynauld 1982) to 49 µg l -1 during our survey, with a peak of 70 µg l -1 in March 2003. Compared with the situation described before construction of Diama Dam in 1985, the phytoplankton assemblage in 2002-03 was quite different, revealed by (1) a severe diminution of species of Bacillariophyceae, (2) a different taxonomic composition, in particular for cyanobacteria, and (3) the emergence and growth of the potentially toxic cyanobacterium Cylindrospermopsis raciborskii, as described by a recent study (Berger et al. 2006) . These modifications confirm increasing eutrophication of Lake Guiers, owing to several factors such as expanding agriculture (particularly irrigation) and other pressures associated with a rapidly increasing population (Varis & Fraboulet-Jussila 2002) . These observations corroborate the conclusions of studies of several Brazilian reservoirs (Bouvy et al. 2000 , Huszar et al. 2000 : that phytoplankton assemblages appear more suitable for defining the trophic state of lakes in tropical regions than the Organisation for Economic Cooperation and Development criteria (OECD 1982) .
The high degree of association between the environmental and biological systems obtained from the CIA enabled us to make ecological interpretations of the predominant algal species in Lake Guiers. Clear links exist between the development of Cylindrospermopsis raciborskii (Nostocales) and Lyngbya versicolor (Oscillatoriales) and the environment in the lake, suggesting that the 2 species have several ecological affinities, inducing possible competition between them. The absence of relationships between abundances of these 2 cyanobacteria and dissolved nutrient levels is notable, as cyanobacteria are commonly encountered in nutrient-rich shallow reservoirs (Pearl 1988) . However, C. raciborskii develops rapidly when nutrient concentrations are at their lowest levels, because this species takes advantage of its ability to assimilate ammonium and phosphate at low nutrient concentrations (Présing et al. 1996) . It is clear that its capacity to fix atmospheric nitrogen and the presence of terminal heterocytes is also a determining factor for its proliferation in various aquatic systems (Padisák 1997) . In Lake Guiers, 85% of trichomes had heterocytes, which enabled them to develop in low levels of DIN (M. Bouvy unpubl. data). We can speculate that this high diazotrophic activity, which is very costly in terms of energy, was certainly one of the reasons for the absence of a C. raciborskii bloom in Lake Guiers. In comparison, Bouvy et al. (1999) reported a C. raciborskii bloom in Ingazeira Reservoir in northeast Brazil with a mean proportion of 12% of heterocytes reflecting higher nutrient concentrations (peaks of 200 µg NH 4 -N l -1 and 544 µg PO 4 -P l -1 ) than reported in this study. Moreover, C. raciborskii distribution is considered as cosmopolitan (Padisák 1997) as the species is tolerant of low light intensities, accounting for its presence in turbid ecosystems in temperate as well as in tropical zones such as northeast Brazil (Bouvy et al. 1999) .
The development of Cylindrospermopsis raciborskii between June and October in Lake Guiers was associated with the establishment of favourable physical and chemical conditions. The lake has a north-south orientation (see Fig. 1 ), so the predominance of NNW maritime trade winds from June to October resulted in a reduced fetch length and a modification of the general hydrodynamics in the lake. Vertical movements were less strong, reducing sediment resuspension and stabilising the water column. This period also coincided with high temperatures (close to 29°C; Fig. 2 ), and these conditions were favourable for C. raciborskii growth in the lake, as previously reported by Berger et al. (2006) . Padisák (1997) reported a lower temperature limit for the growth of this species (22°C), whereas Mischke (2003) reported seasonal growth of C. raciborskii in German waters beginning at water temperatures above 17°C. Havens et al. (1998) proposed that light, water column stability and temperature all have a direct impact on the phytoplankton community. They suggested that in Lake Okeechobee, Florida, USA, the driving force for phytoplankton succession was underwater irradiance, which is determined ultimately by wind speed and direction, insolation and thermal stability of the water column. Previous studies (Havens et al. 1996) demonstrated that Lyngbya spp., present in Lake Okeechobee, is a low light-adapted genus, as confirmed by the local adaptation of L. versicolor in Lake Guiers.
With the return of predominant continental NNE trade winds, which increased water mixing and turbulence, there was a clear change in the phytoplankton community from October to March, with the diatom species Fragilaria sp. becoming predominant. With changes in weather, the Senegal River floods between August and October, which increases nutrient concentrations and allows nutrient-limited species like Fragilaria sp. to grow faster, as demonstrated by Butterwick et al. (2005) . Silt in flood water is loaded with nutrients and silicates (Krachler et al. 2005) . According to Chisholm (1992) , diatoms are good competitors under high silicate and low light conditions. High abundances of Fragilaria sp. coincided with the lowest temperatures, low light intensities and high turbidity owing to mixing of the water column with change of wind direction (CIA data, Fig. 6 ). These observations confirmed those of Reynolds (1984) , revealing a predominance of diatoms, even in the wet season, when there is flushing and no stratification. A secondary cyanobacterium, Anabaena miniata (Nostocales), was often associated with the presence of Fragilaria sp. These 2 species thus did not have any ecological affinity with the 2 predominant cyanobacteria, which had a different dependency on wind direction and associated water column stability.
The colonial cyanobacterium Microcystis aeruginosa was present from March to May, characterised by conditions transitory between the 2 periods described above, thus exploiting the turbulence and homogenization of the water column to grow quickly. This species has gas vacuoles, giving it an excellent capacity for vertical migration (Reynolds 1988) . Other cyanobacteria, such as the 3 Chroococcus species, did not have any affinity with the other groups, and were only observed when biovolumes and densities of total phytoplankton community were low. This result corroborates the observations by Padisák et al. (2003) , who concluded that these species can predominate only if phytoplankton biovolume is low and the water column very stable. These conditions were observed in Lake Guiers between July and September. Finally, other secondary species such as several Chlorophyceae species showed strong environmental affinities with the predominant cyanobacteria Cylindrospermopsis raciborskii, and could co-exist with them. Paradoxically, between July and October, the dominance of C. raciborskii was not associated with a decrease in diversity (Shannon-Wiener's diversity index: 1.81 to 2.11 bits cell -1 ), contrary to other studies that show its predominance (before an eventual bloom) to cause a drastic decrease in phytoplankton biodiversity (e.g. Bouvy et al. 2000 , Dokulil & Teubner 2000 . Experiments have demonstrated that C. raciborskii cultures grow better in the water of Lake Guiers when a cortege of other phytoplankton species is present than in water without other phytoplankton (data not shown). It seems that there is commensalism between C. raciborskii and other algal species in Lake Guiers. It is also important to note that C. raciborskii clones isolated from Lake Guiers were not toxic (Berger et al. 2006) .
Although the growth of algal species depends on local physiological adaptation, the algal community is evidently controlled by top-down factors such as grazing pressure exerted by zooplankton predators. Cylindrospermopsis raciborskii was not subjected to high grazing pressure in Lake Guiers as a result of the rarity of potential zooplankton grazers (Kâ et al. 2006) . The calanoid copepod Pseudodiaptomus hessei, which has been demonstrated experimentally to graze on C. raciborskii trichomes (Kâ et al. 2005) , is present in various aquatic systems in Senegal but has disappeared from the central zone of Lake Guiers since hydrology was modified by the construction of Diama Dam in 1985. Kâ et al. (2006) and Bouvy et al. (2000) demonstrated in Lake Guiers and in the most eutrophic reservoirs in northeast Brazil, respectively, that rotifers predominate over copepods and large cladocerans, which are not effective at grazing filamentous cyanobacteria. Although grazing pressure by total zooplankton of Lake Guiers studied experimentally was not significant for C. raciborskii development, grazing pressure was significant for the diatom Fragilaria sp. in MayJune (N. Ba unpubl. data). In our survey, low Fragilaria sp. densities coincided with high zooplankton abundances (Fig. 6) . As claimed by Lazzaro et al. (2003) , eutrophic tropical systems are often characterised by opportunist piscivores and planktivores; predominant rotifers are considered to be inefficient grazers, and the presence of predominant inedible cyanobacteria in the phytoplankton leads to a tropical ecosystem where the phytoplankton population is regulated by fish, somewhat different from classic temperate ecosystems with trophic cascade regulation.
Finally, the phytoplankton community in Lake Guiers exhibited a clear succession of species groups: Fragilaria sp.-Anabaena miniata (November to March) → Microcystis aeruginosa (March to May) → Cylindrospermopsis raciborskii-Lyngbya versicolor (June to November) . It should be noted that all these species are filamentous or colonial species, not easily edible by zooplankton predators (Bouvy et al. 2001 , Lazzaro et al. 2003 . The general outline of seasonal variations of the phytoplankton community observed in this tropical lake ( Fig. 7) with interactions between flood, stability of the water column, temperature and occurrence of predominant species seems to occur frequently in shallow aquatic systems in tropical and subtropical regions. Havens et al. (1998) suggested that seasonal variations of cyanobacteria species composition (Nostocales/Oscillatoriales) were caused by light availability in the shallow Lake Okeechobee (Florida, USA), whereas suggested that the succession C. raciborskii-Raphidiopsis cf. mediterranea/Chlorococcales was caused by precipitation events and water column mixing processes in a northeast Brazilian reservoir. Conversely, in temperate systems (North German waters), Teubner (2000) suggested that the succession between cyanobacteria and diatoms was related to nutrients, in particular to seasonal variations of the N/P ratio.
It is clear that phytoplankton assemblages are influenced by environmental factors and, in the context of climatic equilibrium described by Reynolds et al. (1993) , a set of combined factors can act jointly as a complex that selects seasonal groups of species sharing similar ecological requirements. Reynolds et al. (2002) therefore considered that a functional approach, based on the morphological-ecological properties of species, could be used as a quantitative method to describe phytoplankton community structure and changes. However, it is difficult to compare tropical algal assemblages with those described in temperate zones , and the present study may provide some support for functional groups in tropical ecosystems. Among the 31 functional groups identified by Reynolds et al. (2002) 11 predominant functional groups were identified during our study of the dynamics of the phytoplankton community in Lake Guiers in 2002-03 (Table 3) : 7 groups represented the cyanobacteria community (Sn, H1, S1, X2, Lm, K and Lo), 1 group represented the Bacillariophyceae (P) and 3 groups represented the Chlorophyceae (X1, F and J). Table 3 . Annual mean and CV (n = 13) of density for total phytoplankton and 17 dominant algal species in Lake Guiers (> 5% of relative abundance). For each species, functional group was identified and their habitats reported according to Reynolds et al. (2002) Reynolds et al. (2002) are noted for each dominant species (see Table 3) Group Sn, defined recently by Padisák & Reynolds (1998) , represented the heterocyclic Cylindrospermopsis raciborskii, often associated with nutrient-poor systems (especially in nitrogen) with high sensitivity to flushing and destratification. Padisak et al. (2003) concluded that Group Sn cannot join other non-cyanobacteria groups except H1 and S1, and our results corroborated this by demonstrating maximum growth of C. raciborskii (Sn) during the same period as that of Lyngbya versicolor (S1). These 2 groups have several ecological affinities, inducing competition between them. However, Group X1, usually present in rich shallow habitats and with great tolerance to stratification, was represented in this study by several chlorophyceae such as Monoraphidium circinalis and Tetraedron spp. This group showed strong environmental affinities and could co-exist with C. raciborskii. The joint presence of chlorophyceae and a predominant cyanobacteria such as C. raciborskii is noteworthy. The commensalism mentioned above would be an important target of future experimental research of these species. In contrast to the conclusions of Huszar et al. (2000) and Romo & Villena (2005) , Chroococcus species (colonial cyanobacteria) were included in the first group X2 described by Reynolds et al. (2002) , not in Group X1. Group X2, generally associated with a great sensitivity to mixing in meso-eutrophic shallow systems, was represented by the 3 Chroococcus species in Lake Guiers and had no affinity with other groups. These species were only observed when there was low biovolume and abundance of the total phytoplankton community, and our results highlight the isolation of these cyanobacteria by specific inclusion in Group X2. Group Lo refers to the association between 2 colonial species Peridinium -Woronichinia in stratified mesotrophic lakes . However, the 3 species of Merismopedia (colonial form) identified in this study could be placed in Group Lo, which is characterised by a tolerance to very low nutrient levels. Group P includes diatoms that require a continuous mixing . In our study, this group was represented by Fragilaria sp. and was almost always present and predominant during 6 months of the year.
It is clear that the functional groups described by Reynolds et al. (2002) and the species assemblages composing these groups must depend on the type of system subjected to various anthropogenic pressures under various climatic situations. The case of cyanobacteria is an interesting illustration of this. In the literature, cyanobacteria are frequently associated with eutrophic conditions in nutrient-rich systems (Reynolds 1984 , Havens et al. 1998 , Huszar et al. 2000 . However Romo & Villena (2005) demonstrated experimentally that cyanobacteria predominated over a wide range of nutrient levels. In Lake Guiers, nutrient concentrations during the survey were low, with phosphate values always less than 10 µg PO 4 -P l -1 and maximum ammonia values of 56 µg NH 4 -N l -1 during the flood period. In spite of these low nutrient values, the cyanobacteria community exhibited high abundances and biovolumes (in particular Cylindrospermopsis raciborskii, which had an average abundance of 5.2 × 10 7 cells l -1 and biovolumes ranging between 11 and 98 mm 3 l -1
), comparable to those observed in other tropical ecosystems (Havens et al. 1998 , Bouvy et al. 1999 , Lung'ayia et al. 2000 . A small increase in the flushing rate (e.g. river flooding), such as occurs in Lake Guiers, may lead to the disappearance of cyanobacteria (Scheffer 1998) . Group J, represented by Scenedesmus magnus, and Group K, represented by Rhabdoderma lineare, are representative of shallow, turbid and nutrient-rich lakes (Padisák et al. 2003) . These groups have a strong affinity with the environmental conditions present in Lake Guiers yearround, despite the very low nutrient levels observed. This study clearly demonstrates that the impact of nutrients on the development of predominant species (e.g. cyanobacteria) seems less significant than that of physical factors such as temperature, irradiance and water column stability, as shown by the CIA at the 3 stations.
In conclusion, regarding the environmental complex that characterises Lake Guiers, there is a clear succession of predominant species groups within the phytoplankton community of the lake: Fragilaria sp.-Anabeana miniata (November to March) following the flood of the Senegal River, during a period of low temperature and irradiance with NNE winds that mix the water column → Microcystis aeruginosa (March to May) → Cylindrospermopsis raciborskii-Lyngbya versicolor (June to November) during a period of high temperature and irradiance with predominant NNW winds and water column stability (Fig. 7) . It is apparent that when the number of predominant species is small, and when their predominance persists throughout the year as observed in our study, phytoplankton dynamics might be more usefully characterised at the individual species level than by functional group . However, application of the functional scheme for phytoplankton to the algal community of Lake Guiers reveals valuable information on the algal strategies that characterise phytoplankton ecology in a shallow tropical lake, and confirms the local adaptations of some ubiquitous species. Some differences in responses of individual species were observed within functional groups, essentially concerning the secondary species groups such as X1 and X2. Finally, the driving forces that account for phytoplankton succession in Lake Guiers are mainly physical factors, and it seems that nutrient levels must be considered as secondary criteria in shallow tropical aquatic systems when defining functional groups using the scheme described by Reynolds et al. (2002) for temperate systems.
